In addition to the risks inherent in reconstruction and fusion, a variety of risks are within the surgeon's control. These include the choice of graft material, 21 preparation of the host graft surface, graft placement environment, 35 and construct design.
Management of lumbar pseudarthrosis begins with avoidance. If a pseudarthrosis does occur, careful analysis should be given to its cause before considering revision. In revision surgery the surgeon may fix any technical errors of the first procedure, place new, better graft material in the best possible biological environment for fusion, and correct the biomechanical environment to yield the best chance for success. 13 A surgeon needs to follow the golden rule of surgical revision: if the first procedure does not succeed, do something different with the next.
In this article, we review the strategies to compensate for the individual biological demands present in each patient in whom fusion has been performed. In addition, graft and site preparation choices for optimal fusion and surgical planning will be discussed. Pseudarthrosis management and avoidance will be examined from several perspectives.
REVISION STRATEGIES FOR PSEUDARTHROSIS

Biological Factors Affecting Fusion Rates
Various biological factors affect the rate of fusion. These include potentially definable patient behaviors, 6, 17, 20 systemic disease processes affecting bone healing, 2, 19, 24, 32 and medication needs. 12, 29 The most common (and modifiable) patient-related behavior that affects the rate of fusion is smoking. Smoking can lead to a 33% decrease in the rate of fusion. This is due to vasoconstriction and the restriction of essential small-vessel growth into the fusion site. Strategies to avoid pseudarthrosis begin with elimination of smoking prior to the original procedure. Some surgeons will refuse to perform elective surgery in patients who smoke. Although this is a sound strategy by which to avoid the potential of pseudarthrosis, it may be unrealistic for people in extreme pain or with instability. These patients will find it more difficult to stop smoking than those less severely afflicted because of the added pain-induced stress. It is recommended that smoking cessation classes be offered. While some surgeons will perform surgery if the patient states that he/she has quit, others require testing for a negative blood nicotine level to ensure smoking cessation. Although both are reasonable, neither guarantees the patient's behavior after surgery. Additionally, if someone already suffers from a symptomatic pseudarthrosis, it may not be possible to manage behavior prior to surgery. 6, 17, 20 Our strategy is to not begin surgical intervention in moderately symptomatic and structurally stable patients who smoke. All smokers being considered for surgery are referred to smoking cessation clinics. When surgery is planned in a patient who smokes, we assume that they will smoke postoperatively and plan their surgery accordingly. This includes optimization of the graft material, its environment, and circumferential fusion and instrumentation.
Biological modifiers, such as BMP and internal or external electrical bone stimulation, 4, 16, 33, 36 are also used to enhance the rate of fusion. We have found that aggressive manipulation of the physiological environment can yield good results even in the most challenging cases.
In addition to smoking, other disease processes can have a profound effect on the initial risk of pseudarthrosis, as well as the chance of successful revision when a nonunion does occur. These include osteoporosis, diabetes, rheumatoid arthritis, and other inflammatory bone or softtissue diseases. 2, 19, 24, 32 Treatments for these disorders involve steroid therapy, NSAIDs, and other medications that can have similarly deleterious effects on bone union. 12, 29 In each of these cases, strategies like those used for smoking can be used to maximize the fusion environment, preventing or managing surgical pseudarthrosis. In addition to physiological management, in all patients in whom there are extraordinary challenges to bone union, the original or revision surgical procedure should be optimized in biomechanical terms. These techniques will be discussed in a proceeding section.
Graft Choice
The choice of graft material depends on the underlying biological risk, environment of the graft site, and demand on the construct. The gold standard for spinal fusion graft material remains autologous iliac crest. 1 Other options include autologous fibula and rib, allograft, osteoconductive agents such as coral, and bone modifiers such as BMP. 4, 30, 34, 36, 37, 39 Graft choice can be made in part by examining the graft site and assessing the biological demand and likelihood of fusion. These findings can then be measured against the economic and physiological cost of that particular graft material to the patient.
In accordance with the Wolf law, anterior-column grafts are in a much better fusion environment than those in the posterior lateral transverse process. 38 Although the goldstandard autograft is desirable in any case, the aforementioned benefit of the anterior column graft may make allograft (either free standing or within a disc/vertebral body replacement cage device) a reasonable option in an initial surgical procedure. 37 If pseudarthrosis has occurred in the presence of allograft, it is recommended that autograft or BMP be used for the revision, even in the anterior column. 27 In posterior lateral fusion, the barriers to successful arthrodesis are much greater. 9 The graft is not under compression, vascularity is not as good, and the graft-host interface is less reliable. In this case, autograft remains the standard for the initial and revision surgery. 1 Local bone can be successfully harvested if its volume and quality are sufficient. The success rate associated with allograft is too poor for it to be used routinely. In general, iliac crest has been the best source for obtaining sufficient volume of high-quality graft. If iliac crest graft has been used in cases in which pseudarthrosis then occurred, it should be used again but the environment must be refined to improve the chance of bone union. This can be achieved by the addition of internal fixation, placement of an interbody graft, 10 or biological modifiers such as electrical stimulation 16, 33 or an induction agent such as BMP.
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Host Site Preparation
An often underappreciated aspect of pseudarthrosis prevention or treatment is preparation of the host fusion site for graft placement. This preparation is essential to establishing an ideal environment to allow bone fusion to occur. Meticulous attention is given to soft-tissue removal from bone surfaces awaiting grafting. This can decrease fibrous ingrowth into the fusion bed. 15 Arthrodesis is performed to obtain bleeding bone surfaces for all areas onto which graft will be introduced. Special attention is given to joint surfaces; the articular surfaces are cleaned of cartilage and ligamentous tissue. 15 In anterior-column graft site preparations, the osseous endplate must have all soft tissue removed. Small amounts of bone-related bleeding should occur without complete disruption of the structural integrity of the endplate. 28 In this way, ideal site preparation can be accomplished while maintaining structural integrity to minimize later subsidence. Graft surfaces need to be flat in the anterior column to maximize the graft-host contact. Last, the goal is a twothird endplate contact between the graft and host. Soft-tissue removal should be in line with these guidelines regardless of approach-that is, anterior lumbar interbody fusion, transverse lumbar interbody fusion, of posterior lumbar interbody fusion.
Graft Site Placement
As discussed, graft site placement is dictated by the mechanical needs of the construct and the desire to maximize the physiological environment for fusion. The mechanical demand of a construct can be profoundly affected by the placement of graft material. 7 Graft placed in the posterior lateral position will not bear load. As such, it has no real impact on the construct. Structural graft material implanted in the anterior column will carry load. By bearing load, anterior grafts decrease the flexion strain on spinal bone fixators such as pedicle screws. These strains could lead to implant-related loosening, pullout, and ultimately construct failure and pseudarthrosis. Anterior grafts load share with the rest of the construct absorbing up to 80% of the axial load. This load sharing also decreases the risk of implant pullout (Fig. 1) . 38 The setting can be manipulated by where the graft is placed and how that site was prepared. This can include both posterior lateral grafts and interbody grafts. When pseudarthrosis does occur, attention should be turned to understanding the graft's environment and how it can be improved to allow postrevision healing.
Bone Quality
Bone quality can deteriorate with systemic diseases such as osteoporosis, malnutrition, hyperparathyroidism, rheumatoid arthritis, and other systemic inflammatory diseases. 18, 19, 24, 32 It is also affected by medications that inhibit the inflammatory response necessary for healing. 12, 29 These include NSAIDs, steroid medication, and cell-division inhibitors. The degree of bone quality or healing inhibition is one of the foremost factors in the fusion decision process.
Any patient at risk for one of the aforementioned conditions or receiving one of the aforementioned medications needs a dual-energy x-ray absorptiometry scan to establish bone mineral density. 26 Patients with low bone density are at higher risk for pseudarthrosis. Prevention is accomplished by improving the biological and mechanical environments through load sharing the construct with multiple implants, as well as the use of interbody grafting when possible. 8 In a patient with a symptomatic pseudarthrosis, analysis can establish why bone fusion failed. The response involves improved instrumentation fixation, anterior column load sharing, and biological modifiers to ensure bone fusion.
Surgical Planning and Pseudarthrosis
One of the most common causes of lumbar pseudarthrosis is poor surgical planning. It is essential that a clear understanding of the global biomechanical abnormalities of the patient's spine be understood prior to surgical planning. In addition to the pathological biomechanics needing correction, surgical decompression and reconstruction create abnormalities. It is important to remember that in most cases instrumentation and fusion take a painful, mobile mechanical abnormality and render it a less painful, nonmobile mechanical abnormality. 22 In all cases, the goal of surgery is decompression of all symptomatically compressed neurological elements and the creation of a stable balanced spine under normal physiological loads. To achieve this reliably, a detailed surgical plan is created in which the following are assessed: mechanics of the spine, areas of needed decompression, and the effect this will have on the biomechanics in that region. The plan also accounts for the restoration of sagittal and coronal balance. 31 Sagittal balance is particularly important in preventing lumbar pseudarthrosis as well as in treating it should it develop. 25 When the spinal plumbline falls in front of the sacrum, the spine is said to be in positive balance (Fig. 2  left) . When it falls in back of the sacrum, the balance is negative (Fig. 2 center) . When the plumbline falls through the midbody of C-7, L-1, and the sacrum, the spine is said to be in balance (Fig. 2 right) . In patients in whom positive sagittal balance is exhibited, an extreme strain is placed on the implants and graft material. As previously discussed, strain decreases the rate of nonunion by decreasing the compressive forces that are ideal for bone fusion. Positive sagittal balance also creates a large cantilever moment arm that places flexion vectors of force on the implants, resulting in failure of the bone-metal inter- face. This interface failure can lead to construct failure, progression of sagittal imbalance, and pseudarthrosis. 25 When pseudarthrosis is caused by or results in a positive sagittal-plane deformity, correction is essential. This can be accomplished by lengthening the anterior column, shortening the posterior column, or both. The anterior column can be extended by adding a structural interbody graft to the area of concern (Fig. 3A and B) . When combined with a posterior osteotomy and compression the posterior column is shortened. Posterior shortening alone can also be undertaken. The workhorse for nonunion and sagittal-plane correction remains the pedicle subtraction osteotomy. 3 In this procedure a wedge is removed from the anterior and posterior elements of the spine with the pivot point at the anterior vertebral body line (Fig. 3C and  D) . This wedge is then closed and sagittal balance is restored. In this procedure the graft is placed under the desired loads for fusion. Consideration of sagittal correction is essential even in routine fusions. It is important to remember that two thirds of the lumbar lordosis occurs between L-4 and S-1. This location is the most common area of treatment for degenerative spinal disease. 6 In addition to correcting sagittal imbalance, attention must be paid to the principles of host preparation and graft placement for better treatment of pseudarthrosis. When treating a pseudarthrosis and a sagittal-plane disorder, it is important to correct the deformity and, when necessary, extend the fusion. When the fusion extends to the sacrum, iliac fixation should be considered.
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The surgical plan also ensures that when possible a fusion does not end until an intact posterior tension band is reestablished. In general, the construct should not end at the level of a laminectomy; nor should it end at a junctional zone. In both cases additional physiological strain is placed on the graft. This can lead to pseudarthrosis and construct failure. This is particularly true for long-segment constructs that create a larger lever arm strain on these junctional zones. 10 Once a plan is established, it is important to adhere to it to prevent or resolve a pseudarthrosis.
CONCLUSIONS
The fundamental principle in pseudarthrosis prevention and management involves careful analysis of what could have been done differently, if anything, in the original procedure to prevent the pseudarthrosis. This is combined with a critical assessment of the current biomechanical conditions and requirements to reestablish spinal stability and balance. The surgical plan must allow for correction of all of these factors and the reestablishment of a stable balanced spine. The golden rule of pseudarthrosis repair should be followed: "If something does not work the first time, do something different in revision." This difference consists of improving the environment to allow bone healing. This includes optimal mechanical fixation to prevent graft site motion. The graft must be of an ideal type for the environment into which it is being placed. If the fusion was unidirectional in the original procedure, one can choose contralateral stabilization from the opposite direction. An example of this is a pedicle screw/rod procedure in which nonunion occurs. This can be salvaged by placing an anterior interbody graft with or without posterior rod revision. Conversely, a stand-alone anterior lumbar interbody fusion or posterior lumbar interbody fusion in which fusion fails can be salvaged by undertaking a posterior pedicle screw/fixation and posterolateral fusion. Consideration should always be given to biological modifiers that improve the chance of a successful pseudarthrosis repair. These include electrical stimulation and BMP.
Lumbar pseudarthrosis remains a common and challenging complication in the field of reconstructive spinal surgery. By following fundamental principles, the success rate of repair and stabilization can be maximized. 
